We describe a novel technique for improving the sensitivity of immunofluorescence staining by use of ultrasonic irradiation. Free-floating vibratome sections from rat cerebellum were incubated with primary antiserum and simultaneously were briefly exposed to ultrasound (US) in a conventional ultrasound bath. After the US treatment, a conventional immunohistochemical method was employed. Two different antisera and two conventional immunohistochemical detection systems were tested. In all cases a 10-20-sec US treatment strengthened immunoreactivity considerably. Irradiated samples showed a good morphology compared with
Introduction
Probably the most common method used in histochemistry is the immunohistochemical localization of antigens in tissue sections by either the immunoperoxidase (21) or the immunofluorescence technique (18), applied to embedded, frozen, or free-floating vibratome sections. Microwave (MW) irradiation has been increasingly used to accelerate these routine and time-consuming histological procedures and to improve immunostaining. Several authors have demonstrated that fixation with MW irradiation or exposure of sections to MW after conventional fixation enhances the immunoreactivity and shortens the incubation time (4-7,10,11,22). MW irradiation can increase the temperature of the section or tissues ( U ) , which can sometimes lead to morphological damage or cause destructive changes of the antibodies. Several approaches have been tried to keep the temperature during the MW exposure near physiological levels. A water load in the oven absorbing a large part of the MW energy, an interval use of MW irradiation, and special cooling equipment have been used for this purpose (6, 7, 15, 24) . By applying all the above-mentioned precautions the fine ultrastructural details can be kept intact, the penetration of antisera can be enhanced, and the incubation time can be reduced. However, the temperature of the reagent may occasionally increase and produce some undesired effects.
Ultrasound (US) irradiation has been used to enhance electron
Supported by the Sigrid Justlius Foundation and by the Academy of ' Correspondence to: H. Alho microscopic procedures (20) . In these studies the effect of US was found to be very effective for reducing fixation, dehydration, and infiltration times, but the temperature rise and the effect on immunohistochemical staining were not studied. The purpose of this study was to develop an easy, reproducible, and accelerated method for immunohistochemistry that would cause only a minimal rise in the sample temperature. Ultrasonic radiation was used for this purpose.
Materials and Methods
Animals. Male Sprague-Dawley rats (200-250 g) were used. After deep anesthesia with sodium pentobarbital (5 mg/lOO g body weight), the blood vessels were rinsed by cardiac perfusion with 0.9°/~ saline at room temperature and then were perfused with ice-cold 4% paraformaldehyde + 0.1% glutaraldehyde in 0.1 M PBS, pH 7.4. For the immunohistochemical analysis, the cerebella of these rats were post-fixed with the same ice-cold fixative for 2 hr, washed in PBS, and cut into 25-30-pm thick sections with a vibratome. For irradiation experiments, semi-serial sections from each animal (total six) were divided randomly into seven groups and exposed to irradiation as described below.
Ultrasonic Treatment. A conventional ultrasonic bath (Wagner Instrusonic Model W-181-1; Ultrasonic, Lahti, Finland) was used (V/Hz, 220/50; W, 180 inputl90 output; transducers 40 kHt). Vibratome sections were placed in plastic sample tubes (low-density polyethylene) (Mekalasi Oy; Helsinki, Finland) in cold 0.1 M PBS (volume 0.5 ml) with antiserum. The tubes were then placed in an ultrasonic bath of cold water (12°C) and treated with ultrasonic irradiation for 0, 5, 10, 15, 20, 30 , or 40 sec. The temperature of the incubation medium was measured by a conventional digital thermometer (Fluke 52K/J; J. Fluke, Everett, WA) immediately before and after the irradiation. After the US treatment the sections were processed for either routine immunohistochemistry or electron microscopy (see below).
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Microwave Irradiation. Some tissue sections were placed in a domestic microwave Oven (Toshiba Model ER-7720 GC/GWC, Toshiba, Cologne, Germany) (V/Hz 220/50; full power 1250 W inputl650 W output) in glass petri dishes with identical PBS antiserum solution. The Oven was operated at 2.450 MHz. The dishes (diameter 35 mm) were placed within a 10-cm radius from the center of the camusel and irradiated for 10 sec at an output of 150 W. The temperature of the incubation medium was measured immediately after the irradiation.
Immunohistochemistry. Immunohistochemical staining was carried out using routine immunoperoxidase or immunofluorescence techniques (21) on free-floating sections of rat cerebellum. To study the effects of US treatment on immunoreactivity, two well-characterized rabbit antisera were used an antiserum to a neuropeptide diazepam binding inhibitor (DBI) (2) and an antiserum to glial fibrillary acidic protein (GFAP) (Dako, Glostrup, Denmark). In normal rat cerebellum, the antiserum against DBI stains astrocytes and glial-like Bergmann cells which are located around the Purkinje cells (1) . As Bergmann cells q e easy to identify in both light and electron microscopy, we selected the DBI antiserum to estimate and quantitate the intensity dimmunoreaction. Three different antiserum dilutions were used for DBI 1:5000, I:20,000, or 1:40,000 and for GE4P 1:1OOO, 12000, or 1:4000.
The immunohistochemical procedure consisted of the following steps: (a) before the US or MW treatments the sections were pre-incubated with 5% normal goat serum (NGS) as a blocking serum in 0.1 M PBS (pH 7.4) for 20 min at room temperature; (b) the sections were then transferred into a solution containing the specific antiserum plus 1% NGS and immediately irradiated with either US or MW as described above: (c) after this treatment the sections were further incubated with the same solution containing the specific antiserum for 2 hr in a rotating platform at 4'C; (d) after washing, the sections were further incubated with the secondary antiserum (goat anti-rabbit) (Stemberger-Meyer; Rockville, MD) diluted 1100 in PBS + 1% NGS for 30 min at room temperature, followed by incubation with rabbit-PAP (Dako) diluted 1:lOO in PBS + 1% NGS for 30 min at room temperature. Antigen-antibody complexes were visualized by incubation with 3,3'-diaminobenzidine (Sigma; St Louis, MO) (0.2 mg/mJ in 0.1 M Tris, pH 7.4) and hydrogen peroxide (0.001%) for 5 min at room temperature. The sections were mounted in Aquamount and observed in brightfield under a Nikon Microphot-FXA microscope. In some sections immunoreactivity was visualized (Step d) by the immunofluorescence labeling method these sections were incubated with goat anti-rabbit conjugated with fluorescein isothiocyanate (FIX) Jackson Immunoresearch; Avondale, PA) diluted 1:100 for 20 min at room temperature, washed, and after mounting viewed under a fluorescence (Nikon Microphot-RA) microscope.
The immunohistochemical specificity was studied by incubating the sections with pre-immune serum instead of primary antiserum. by omission of the primary or secondary antisera, or by pre-absorbing the DBI antiserum with DBI peptide (1.5 wM). Omission of either the primary or secondary antiserum, incubation with the pre-immune serum. or pre-absorption of the antiserum completely abolished the staining. The treatment of the sections with US did not increase the background staining in the corresponding control experiments.
Semiquantitative Estimation of Immunoreactivity. For quantitation of the immunoreactivity, the immunohistochemical images obtained through microscope were grabbed with an MTI 2 OCD-72E camera (Dage; Michi- Elecuon Microscopy. After fixation, ultrasound, and other treatments described a h . a conventional electron microscopy method was employed.
Briefly, the sections were post-fixed with ice-cold 2% osmium tetroxide in 0.1 M PBS (pH 7.4) for 1 hr, dehydrated in ethanol and via propylene oxide, embedded in capsules with Epon 812 (Ladd Research Industries: Burlington, VT), and cut into ultra-thin sections with an Ultratome 111 (LKB; Rockville, MD). The sections were examined with aJEOL fJEM-1200 EX) electron microscope.
Results
Ultrasonic irradiation did not increase the temperature of the incubation media (with the sections). In control (no US treatment) experiments, the temperature of the incubation medium was 12°C and after 10, 20, 30, and 40 sec of US irradiation the temperatures were 12.1, 12.0, 12.1, 11.9 , and 12.2"C, respectively. A 10-sec treatment with MW irradiation increased the temperature of the incubation medium by 20°C.
The immunohistochemical staining was considerably improved after ultrasound irradiation. The improvement was easily demonstrable, especially with DBI antiserum, and the immunoreactivity was localized in Bergmann cells and astrocytes as described elsewhere (1,2). The sections that were not exposed to US irradiation but incubated for 2 hr with the primary antiserum showed a very weak DBI-immunoreaction (Figures 1A and 1B) . The sections treated under identical immunohistochemical conditions but exposed to US irradiation showed a considerable increase in immunoreactivity (Figures IC-1F) . Semiquantitative analyses demonstrated that the number of immunopositive Bergmann cells was doubled after 20 sec of US treatment (Figure 2) . The number of immunopositive Bergmann cells in the sections not treated with US irradiation was (by using a dilution of 1:20,000 of DBI antiserum) 14 2 210.5 mm2 and after 10 and 20 sec of US treatment the number of Bergmann cells was increased to 22 2 3 and 32 2 3, respectively (Figure 2) . After 40 sec of US treatment some of the cells were broken, the immunoproduct was diffused around the same cells, and the number of measurable cells was decreased to 24 * 3. By using a higher dilution of the antiserum (1:40,000), improvement of immunostaining after the US treatment was still demonstrable (Figure 2) . With a high dilution (1:40,000) of the antiserum and exposure of the sections for 20 sec to US irradiation, the number of immunopositive cells was considerably higher compared with the sections not exposed to US irradiation but incubated with a 50% lower (1:20,000) antiserum dilution (Figure 2) . When the DBI antiserum was used in too high a concentration (dilution 1:5000), the ultrasound treatment did not have any effect (Figure 2) .
The number of immunopositive cells in control sections (no US irradiation) incubated ovemight was compared with sections treated with US and incubated with the antiserum only for a short time.
We observed that the number of positive cells in the sections that were treated for 10 sec with US irradiation and incubated for 2 hr with the antiserum corresponded to those in the control sections which were incubated with the same antiserum dilution overnight, the respective numbers of Bergmann cells being 22 * 3 and 23 2 3/0.5 mm2.
The results with the other antiserum that was used (GFAP) demonstrated a similar enhancement of immunoreactivity after US irradiation. Both the intensity and the number of immunopositive cells increased, depending on the duration of US treatment (Figure 3) . The use of another secondary antiserum did not change the beneficial effects of US treatment. With the fluorescent secondary antiserum (FITC), the effect of US treatment was identical to that obtained with the PAP staining method (data not shown).
In ultra-thin sections cut across the vibratome sections, the depth of immunoreaction (DBI) penetration was measured from photo-PODKLETNOVA, ALHO graphs. In control sections (no US treatment) the depth ofpenetration was maximally 0.8 pm and after 10, 20, and 40 sec of US irradiation 1.1, 1.4, and 1.9 pm, respectively. To study the effect of US treatment on subcellular structures, we examined the fine structure of the Bergmann glial cells of cerebellum under a transmission electron microscope. It was found that 10 sec of US irradiation did not considerably alter the fine strucm e (Figure 4) . The only observable changes occurred in some membranes that had a few narrow gaps. No visible swelling or other changes of the nucleus, nuclear envelope, mitochondria, endoplasmic reticulum, or other organelles was observed. The "packing" of neuropil was normal and the intracellular space showed no differences compared with the control sections. After 20 sec of US treatment some gaps and holes were observed in the cell membrane. The mitochondria and other intracellular organelles had minor damage in the membranes and cristae. After 30 and especially after 40 sec of US irradiation, some of the mitochondrial membranes and cristae were broken, the endoplasmic reticulum was swollen, the nuclear envelope space enlarged, and cell membranes showed many gaps (Figure 4) .
The effect of MW and US irradiation on the fine structure of the cells was studied in free-floating sections from rat cerebellum. Serial sections from the same tissues were exposed either to MW irradiation (no cooling system) or to US irradiation for 10 sec. Under these conditions the subcellular structures showed less damage under US irradiation.
Discussion
The present report is the first demonstration of a new application of ultrasonic treatment to improve and speed up the routine immunohistochemical staining method. There are only a few reports on the use of ultrasound for tissue fixation (19, 20, 28) . Our findings are in agreement with those of Robb et al. (20) , who reported that a rapid US bath processing for electron microscopical fixation causes only some minor damage, especially to the exposed surfaces. We observed that a 40-sec US exposure can lead to destruction of cell structure, which indicates that the safety range of the US method is relatively narrow. However, the safety range of US irradiation may vary among different tissues and should be tested.
Several authors have demonstrated (8, 9, 25, 26 ) that the timeconsuming immunocytochemical procedure can be accelerated by applying MW irradiation during the on-slice incubation of frozen sections, paraffin, and free-floating sections. However, unless special cooling systems are used, MW radiation usually causes an increase in tissue temperature which can result in some destructive changes to the intracellular organelles (6, 7, 14, 27) . However, there are several reports that MW treatment for either free-floating, frozen, or paraffin tissue sections may preserve a good morphology (3, 12, 14, 16, 27) . We studied the effect of MW and US treatment on the cellular morphology in the non-comparable irradiation systems, where only the radiation exposure time was the same in both systems. In these experiments, after US treatment the morphological preservation was better than after MW treatment. However, it is possible that by using MW irradiation with cooling systems and by following the special MW protocols suggested in several reports (3, 12, 16, 17, 23) , the morphological preservation in both irradiation types may be equal.
Ultrasonic treatment has certain important advantages over microwave irradiation. Samples can be treated at a standard temperature without the use of any special cooling equipment, since US treatment causes no increase in sample temperature. The main effect of MW irradiation (electromagnetic waves) in histochemistry is to raise the temperature (13, 21) . What physical principle of ultrasound explains its accelerating effect on the immunohistochem-ical procedure? Since US does not consist of electromagnetic waves it does not heat the samples. It is possible that ultrasonic vibration loosens membrane structures and produces holes and gaps. However, all ultrastructural details remain more or less intact during a short period of ultrasound irradiation (up to 20 sec), showing only a marginal loss of quality in comparison with non-irradiated sections. A short period of US irradiation does not destroy cells or subcellular structures but considerably enhances immunostaining (Figures 1 and 3) . It is possible that a greater number of antibodies penetrate the tissue during US treatment, a hypothesis that is also supported by the observation that the immunoproduct penetrated deeper into the tissues after US treatment.
In practice, the use of US irradiation could mean that the incubation time of samples in antiserum can be reduced from about 20 hr to 2 hr, while the intensity of immunostaining remains unchanged or increases. With an appropriate US treatment, the dilution of the antiserum can probably be doubled. In our experiments the DBI antiserum diluted up to 1:40,000 with a 10-sec US irradiation revealed the same number of immunoreactive cells as 1:20,000 antiserum dilution without US treatment (Figure 2) . Therefore, the use of US treatment can save precious antisera. When the antiserum was used in lower dilution (1:50,000), the staining was decreased and US treatment had no effect. This may be due to the agglutination phenomenon of the antibodies, which has been reported to decrease staining intensity (24) . Therefore, even 40 sec of US treatment did not increase immunoreactivity.
Ultrasonic irradiation can be considered a novel method for improving immunohistochemical staining methods. The usefulness of this method should be tested in several tissues, in various types of sections, and with different antisera. It is possible that US treatment can be useful in many immunohistochemical applications and can be regarded as a potential new tool for immunohistochemical analysis.
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